The maximum wavelength describes trapping features when considering electromagnetic wave propagation in an evaporation duct. However, the results vary between the existing methods used to calculate the maximum wavelength in an evaporation duct. Hence, this study provides a comprehensive analysis of the maximum wavelength of electromagnetic propagation in an evaporation duct. First, the existing methods are introduced and the differences between these methods are discussed. Second, the frequency responses from 1 to 20 GHz of the evaporation duct channel are analyzed. The trapping features of different evaporation duct channels are investigated. Based on the frequency responses, the existing methods are compared and evaluated. Finally, the frequency response of the evaporation duct channel was measured in the South China Sea along a 149-km-long propagation path in 2014. The data collected in the experiment are used to verify the conclusion. Both the simulation and experimental results show that the Kerr's method and Kukushkin's method do not represent the cutoff conditions for electromagnetic propagation, while Brekhovskikh's method and Hall's method can calculate the maximum wavelength in an evaporation duct. The recommended value k for using the Turton's method is also given.
I. INTRODUCTION
Evaporation duct is a layer just above the ocean surface which forms due to the inherent humidity inversion at the air-sea boundary layer. The presence of this duct can have profound impacts on over-water electromagnetic propagation at microwave bands. The trapping layer behaves like a waveguide and can lead to a decreased path loss at microwave bands. Thus, the radar detection range and the communication range can be extended in evaporation duct [1] - [3] . The evaporation duct height (EDH) defines the strength The associate editor coordinating the review of this manuscript and approving it for publication was Huapeng Zhao.
of the duct and can be determined by different methods, such as direct measurements [4] , inversion methods [5] - [7] and numerical models [8] - [14] . Meanwhile, the frequency characteristics [15] , [16] and fading characteristics [17] of evaporation duct for electromagnetic propagation have been studied.
The maximum wavelength describes the trapping features of an evaporation duct, and electromagnetic waves with shorter wavelengths than the maximum wavelength can be affected strongly by the evaporation duct. Hence, the maximum wavelength is an important parameter when designing ship-borne electromagnetic systems. Kerr [18] introduced a method based on ray-tracing theory and gave the relationship between maximum trapped wavelength and duct height. Brekhovskikh [19] presented a theoretical solution by solving the wave equation under a typical refraction environment. He defined the critical frequency of the zero-order normal mode as the cutoff frequency of the duct. Hall [20] gave another method based on waveguide mode theory to calculate the maximum wavelength, which is defined as a function of the duct height and the duct strength. The other methods can be found in Turton et al. [21] and Kukushkin's [22] work.
However, when applying existing methods to an evaporation duct, the results obtained are quite different from each other, which may cause many confusions. The differences of these results may cause confusions when the ship-borne radar and communication systems are designed and applicated. The motivation of this study is to do a comprehensive study on the maximum wavelength and give useful suggestions when calculating maximum wavelength in evaporation duct. The rest of the paper is organized as follows. The existing methods for calculating the maximum wavelength are introduced in section 2. In section 3, the frequency characteristics of the evaporation duct are analyzed. The different methods are compared and evaluated based on frequency characteristics. In section 4, the experiment data collected in the South China Sea in 2014 are used to verify the conclusion.
II. METHODS DESCRIPTION
The maximum wavelength describes the trapping features of an evaporation duct. The electromagnetic waves with shorter wavelengths than the maximum wavelength (higher frequencies than the cutoff frequency) can be trapped by the evaporation duct. This trapping layer behaves like a waveguide and result in substantially stronger signals overthe-horizon path above the ocean surface. However, for the electromagnetic waves with longer wavelengths than the maximum wavelength, the energy cannot be trapped in the duct. Thus, the path loss is the much higher above the ocean surface.
There are currently, several methods used to determine the maximum wavelength of electromagnetic wave propagation in an evaporation duct ( Table 1 ). The parameters of the modified refractivity profile in an evaporation duct, such as the EDH and the evaporation duct strength, are used to calculate the maximum wavelength. In these methods, n is the refractive index and the refractivity is defined as N = (n − 1) × 10 6 . The modified refractive index m and the modified refractivity M are given by following equations, respectively:
where z is the height above the Earth surface and a is the radius of the Earth. H is defined as the EDH in these methods. A. DONALD E.KERR'S METHOD Kerr [18] used the following equation to determine the maximum wavelength:
where m(z) is the modified index of the atmosphere at the height of z. If it is assumed that within the duct m(z) is a linear function decreasing at the rate of 4 × 10 −8 per foot, an assumption that experience shows to be reasonable for low ducts, the above equation leads to
where λ max is in centimeters and H is in feet.
B. BREKHOVSKIKH'S METHOD
Brekhovskikh [19] defined the critical frequency of the zeroorder normal mode as the critical frequency (cutoff frequency) of the duct. The maximum wavelength in the duct can be obtained by the following equation:
The parameter U is usually very small, so λ max is always smaller than H . For example, when 2U = 10 −4 − 10 −5 , H = 15m, the λ max ≈ 0.21m − 0.67m.
C. P. M. HALL'S METHOD
Hall [20] calculated the maximum wavelength using (6):
where δN is the refractivity changes across the duct. For example, when H = 25m and δN = 10, λ max is 0.15 m. Only when the duct height increases to 87 m (with the same refractivity gradient) can an electromagnetic wave with a wavelength of 1 m propagate in it.
D. TURTON'S METHOD
Turton [21] described the maximum wavelength λ max as a general indication of the radio wave trapping capability of a duct, and gave the following equation: where δM is the modified refractivity changes across the duct (M -unit) and k = 3.77 × 10 −3 for a surface based duct or 5.66 × 10 −3 for an elevated duct.
E. THE METHOD OF ALEXANDER KUKUSHKIN
Kukushkin [22] used (8) to calculate the maximum wavelength in an evaporation duct:
and
ζ is introduced in [16] as ζ = z/Z H , thus providing a meaningful definition for
with q (0) = 4, q (1) = 0. A series of vertical modified refractivity profiles were calculated by the Naval Postgraduate School (NPS) model [12] , [13] using the atmospheric conditions in Table 2 . Then, the maximum wavelength determined by the above five methods were compared.
The EDH ranges from 9.9 m to 20.7 m under the atmospheric conditions in Table 2 . Fig.1 shows the maximum wavelength and the cutoff frequency calculated by the five methods.
In Fig. 1 , lambda Kerr is calculated by (3) and lambda Kerrmodi is calculated by (4) . It is shown that when the EDH is between 9.9 m to 20.7 m, the maximum wavelength is in centimeters orders of magnitude, which means that the electromagnetic waves in microwave bands can be trapped in the evaporation duct. The maximum wavelength increases as the EDH increases. Meanwhile, the maximum wavelengths calculated by the five methods are quite different from each other. Table 3 shows the differences among these results in a typical evaporation duct environment.
It is shown in Table 3 that Kerr's result with (3) is consistent with Kukushkin's result and there is little difference between Kerr's result with (3) and (4). The highest maximum wavelength is estimated by Turton's method. Hall's result and Brekhovskikh's result are several centimeters different from each other. These differences may cause confusions when designing ship-borne electronic systems. As a result, it is important to clarify the effects of each method's result. In next section, the frequency response of the evaporation duct channel is investigated and the effects can be analyzed and evaluated.
III. FERQUENCY RESPONSE A. PROPAGATION MODEL
The parabolic equation (PE) method has been widely used to calculate the electromagnetic wave propagation in 
where u represents a scalar component of the electric field for horizontal polarization or a scalar component of the magnetic field for vertical polarization, z is the height and x is the range. k 0 is the free space wave number and m is the modified refractive index [23] . Let u(x k , z) be the complex scalar component of the field at range x k and height z. Then, the field at range x k+1 and height z, denoted by u(x k+1 , z), could be given by the Fourier split-step solution of PE
where F[•] and F −1 [•] are the Fourier transform and the Fourier inverse transform, respectively. p is the transform variable, and δx is the range increment, defined by δx = x k+1 − x k . Detailed information about Fourier split-step PE solution can be found in [24] , [25] . The PE method has been widely used to calculate the electromagnetic wave propagation in the troposphere. This accuracy of the model has been validated in the experiments [26] , [27] . In this study, the Advanced Propagation Model (APM) [28] is used to calculate the electromagnetic propagation in evaporation duct. The APM is a hybrid model that combines radio physical optics (RPO) and the terrain parabolic equation model (TPEM) in a relatively fast code.
B. EVAPORATION DUCT ENVIRONMENT
Previous study [29] demonstrates that the average EDH in the South China Sea is about 12 m and the EDH usually ranges from 8 to 20 m. Thus, the EDHs in this range as shown in Table 3 are chosen as the inputs of the propagation model. The NPS model is also used to calculate the modified refractivity profile. Table 4 and Fig. 2 show the evaporation duct environment used in the simulation. 
C. PROPAGATION PARAMETERS
The evaporation duct has a significant influence on electromagnetic propagation along the low-altitude path over the ocean. Thus, the low antenna heights are used in the simulation. The trapping layer of evaporation duct can lead to a decreased path loss at microwave bands. As a result, the electromagnetic propagation at 1-20 GHz band is analyzed in this study. The detailed propagation parameters are shown as follows.
Transmitter Antenna: The omni antenna with horizontal polarization is selected. The frequency bands are from 1 to 20 GHz and the transmitter antenna height is set as 3 m.
Receiver Antenna: The receiver antenna is a vertical array antenna and the height is 1-11 m with spacing of 2 m.
Propagation Environment: Five typical evaporation duct environments (Table 4 , EDH: 10.8-20.7 m) are used in the simulation. To simplify the simulation, the refractivity conditions are homogeneous along the propagation path and the terrain and rough sea surface effects are ignored.
The output range is 200 km and the output height is 100 m. All propagation parameters are shown in Table 5 . Fig. 3 shows the path loss results computed at the frequencies of 8 GHz and 13 GHz.
D. FREQUENCY RESPONSE
The path loss data at some desired receive ranges and heights were replotted in terms of frequency response curves, and then the curves could be divided into two categories. In the first category, the receiver antenna height was fixed at 3 m, and the receiver antenna ranges are including 50, 70, 90, 110, 130, and 150 km. In the second category, the receiver antenna had fixed range at 100 km and the receiver antenna height was set as 1, 3, 5, 7, 9, and 11 m. The transmitter antenna height is 3 m in both two categories of frequency response curves. Fig. 4 shows the impact of different receiver ranges on the frequency response under the atmosphere conditions with different EDHs. The results demonstrate the frequency response of evaporation duct channel is similar to that of the high pass filter in signal processing. Evaporation duct cannot trap the low frequency electromagnetic signals which result in a high path loss to this kind of signals. As the frequency increases, the duct can trap more signal energies and lead to less path loss. The frequency with the lowest path loss is defined as the optimal frequency. If the frequency is higher than the optimal frequency, the larger absorption of atmosphere will result in a slight increment in path loss.
1) FIRST CATEGORY OF FREQUENCY RESPONSE CURVES
For instance, when the EDH is 12.7 m (Fig. 4 (b) ) and the receiving range is 90 km (red line), the path loss at 1 GHz is about 217 dB. When the frequency increases, the path loss decreases gradually to the minimum (∼140 dB) at about 11 GHz. Then the path loss starts to increase slowly at several decibels per GHz. It implies that more high-frequency signal energy can be trapped in the evaporation duct. The path loss increases about 20 dB per 20 km if the frequency is 1 GHz. However, if the frequency is about 10 GHz, the increment decreases to only fewer dB. This infers that the energy can be captured in the duct environment in these frequency bands. When the EDH is between 18.1 and 20.7 m, oscillations can be observed in the high-frequency band (greater than 15 GHz), which are results from the multipath interferences. Fig. 5 shows the impact of different receiver antenna heights on the frequency response under the atmosphere conditions with different EDHs. Similar high pass filter features can be observed. For different evaporation duct environments, the optimum receiver heights are also different from each other. For instance, when the EDH is 10.8 m and the frequency is higher than 10 GHz, the path loss at the receiving height of 3 m has fewer decibels than that of other heights. Similar results can also be observed for other situations with different EDHs (Fig. 5(b)-(e) ). Oscillations resulting from the multipath interference also exist in the high-frequency band with higher heights.
2) SECOND CATEGORY OF FREQUENCY RESPONSE CURVES
A comparison of different frequency response curves under the various evaporation duct environment is conducted as shown in Fig.6 . The receiving height and receiving range is set as 3m and 100km, respectively. When the EDH increases, the optimal frequency decreases and rising edge in the frequency response curve becomes sharper which is consistent with the relationship between cutoff frequency and EDH shown in Fig.1 . The maximum wavelength results (Table 4) are then compared with the frequency response curves to determine the effects of the result from each method.
IV. DISCUSSION AND SUGGESTION
The effects of the maximum wavelengths obtained from the five methods can be found in the frequency response curves of the evaporation duct channel. The cutoff frequency (f cutoff = c/λ max ) is used here instead of maximum wavelength for convenience. Fig. 7 shows the effect of the cutoff frequency under different evaporation duct environments. It can be seen that the path losses for different cutoff frequency results are quite different. The path loss at the optimum frequency is chosen as a standard value to compare. The case for a receiver antenna range of 50 km is selected as an example to illustrate the effect of different cutoff frequency results. Turton's results are all less than 1 GHz and are not shown in Fig. 7 . Table 6 shows the path loss of the different methods' results with a receiver antenna height of 3 m and Table 7 shows the path loss difference with a receiver antenna height of 3 m.
In Table 7 , it can be seen that there are differences among these results. The Kerr method results with (4) and (3) are consistent with the Kukushkin method result, about 10 dB less than the optimum path loss. The Hall method result is about 30 to 40 dB less than the optimum value and the Brekhovskikh method result is about 40 dB less than the optimum value. The Turton method result has the largest difference, about 50 dB less than the optimum value.
The existing methods may cause confusions when calculating the cutoff frequency. The Kerr method result and Kukushkin method result do not represent the cutoff condition, as both of them result in about 10 dB difference compared with the optimum value. Although the electromagnetic wave at these or shorter wavelengths is strongly guided in the evaporation duct, the radiation at several times these wavelengths may also affected by the duct. The other results may represent the cutoff condition in the evaporation duct propagation, as they result in about 40 dB difference compared with the optimum value in the presented case. The electromagnetic waves at these or shorter wavelengths cannot be trapped in the evaporation duct. The results with other receiver antenna heights and ranges can also be obtained from the frequency response curves. On 4 January 4, 2014, the frequency response of the evaporation duct was measured at about 10:00 (UTC+8). Microwaves of different frequencies were transmitted from Donghai Island, and the signal was received at Hailing Island after propagating about 149 km. A total of 41 frequencies were measured using different microwave horn antennas. The frequencies range from 3.15 to 12.55 GHz. The signal of each frequency lasted about 1 minute and the received signal level (RSL) was recorded every second by the computer. The transmitter antenna height is about 4.5 m and the receiver antenna height is about 5 m. The experiment configuration is shown in Table 9 . Fig. 9 shows the experimental setup in Hailing Island and Donghai Island.
V. EXPERIMENTAL RESULTS

An evaporation duct experiment was held in the north
The National Centers for the Environmental Prediction Climate Forecast System Reanalysis 2 (NCEP CFSR) data were used to calculate the range-dependent refractivity profile along the propagation path. The NCEP CFSR was designed and executed as a global, high-resolution, coupled atmosphere-ocean-land surface-sea ice system to provide the best estimate of the state of these coupled domains over this period [30] . One-hour reanalysis data are available from 1979 to the present day and global atmospheric fields are provided for a variety of atmospheric parameters. The spatial resolution is 0.313 • ×0.312 • (Fig. 10) . The atmospheric factors were obtained from the NCEP CFSR data (Table 10 ) and used to calculate the modified refractivity profile (Fig. 11 ) along the propagation path by the NPS model [29] , [31] . The grid points which are closest to 49.7 % to 60.2 %. The wind speed ranges from 4.2 to 6.9 m/s. The EDH along the propagation path is about 12 m.
The modified refractivity profile was used to calculate the cutoff frequency using the methods described in the section II. There are six modified refractivity profiles on the propagation path, and the cutoff frequencies are calculated for each profile. Fig. 12 shows the results of cutoff frequency in the experiment. The results of the Kerr method and the Kukushkin method are in the range of 7 to 9 GHz, while the results of the Brekhovskikh method and the Hall method are around 2.6GHz. The Turton method result is at about 0.4GHz. Figure 13 shows the frequency response of the evaporation duct channel measured in the experiment and the results of the cutoff frequencies using the third modified refractivity profile. It can be seen that the results of the Kerr method and Kukushkin method do not represent the cutoff conditions. The path loss is between 150 to 160 dB at 8 to 10 GHz. The microwaves are strongly trapped by the evaporation duct at this frequency band. The results of the Hall method and the Brekhovskikh method represents the cutoff conditions, as the path loss is about 200 dB at 2.4 GHz, about 50 dB less than the minimum value at 9.4 GHz.
VI. CONCLUSION
This paper provides a comprehensive study of the maximum wavelength of electromagnetic wave propagation in an evaporation duct. The results of existing methods are introduced and compared. It is shown that there are large differences between the results of different methods. The frequency characteristics of the evaporation duct channel are obtained both from numerical simulations and experiment observations. The trapping features of different evaporation duct channels are investigated. Based on the frequency characteristics, different methods are compared and discussed. It is shown that the Kerr method result and the Kukushkin method result do not represent the cutoff condition, while the other methods can be used to calculate the maximum wavelength in the evaporation duct environment. The preliminary results obtained in this paper are important for evaluating the performance of ship-borne electromagnetic systems.
